Metabolism in different tissues/organs is considered to be regulated in a coordinated manner systemically, thereby allowing adaptation to a variety of environmental conditions[@b1][@b2]. In addition to humoral factors, such as insulin and adipokines, neuronal signals have recently attracted increasing attention for their roles in this inter-tissue metabolic harmony[@b1]. In particular, the neuronal relay systems originating in the liver have been identified as playing important roles in modulating energy[@b3] and glucose[@b4] metabolism by enhancing energy expenditure and increasing pancreatic β-cell mass, respectively. Furthermore, another neuronal relay system, originating in alterations in hepatic glucose metabolism, was recently reported to function as an energy-saving mechanism at the whole-body level[@b5].

Herein, we focused on the effects of hepatic amino acid (AA) signalling on systemic regulation of metabolism. Although intake of surplus energy, such as increased fat, is widely considered to be a major cause of metabolic derangements, protein overload also reportedly plays a role in obesity-related metabolic disorders[@b6][@b7]. Circulating AAs, mainly from dietary protein, enter the cytoplasm via AA transporters (AATs), which are responsible for the first step in AA signalling[@b8]. Intracellular AAs activate the mammalian target of rapamycin (mTOR) complex-1 (mTORC1)/S6kinase (S6K) pathway via several signalling cascades[@b7][@b9][@b10]. In addition to this signalling cascade from AAs, other intracellular or extracellular cues, such as growth factors, oxygen, stress and energy levels, also function to regulate this mTORC1 pathway, leading to the activation of several downstream targets, including S6K[@b11][@b12]. The mTORC1 signalling pathway has been recognized as the major controller of many important cellular processes, for example, protein translation, lipid synthesis, stress response and autophagy, the deregulation of which occurs in human diseases including cancer, obesity and type 2 diabetes[@b11][@b12]. In obese subjects, serum AAs are reportedly elevated[@b6][@b13][@b14] and the mTORC1/S6K pathway is activated in organs including the liver[@b15][@b16]. The hepatic mTORC1 pathway is reportedly activated in obese or aged states resulting in the development of hepatic steatosis[@b17][@b18][@b19] and suppression of fasting-induced ketogenesis[@b20], indicating important roles in the systemic metabolism disturbances that are associated with obesity development. However, little is known about the roles of hepatic mTORC1/S6K activation in obese states and the metabolic relationships between the liver and other organs/tissues during obesity development.

In the present study, to increase AA entry into hepatocytes, we expressed an AAT, SNAT2, in the murine liver using the adenoviral gene delivery system. Hepatic SNAT2 expression activated the mTORC1/S6K pathway, leading to elevation of serum triglyceride (TG) levels, especially in postprandial states. Decreased plasma activity of TG hydrolysis associated with adipose lipoprotein lipase (LPL) downregulation is responsible for the observed hypertriglyceridemia. This inter-tissue mechanism is mediated by a neuronal pathway from the liver. Therefore, this novel inter-nutrient and inter-tissue communication mechanism originating in the hepatic AA/mTORC1/S6K pathway modulates systemic lipid metabolism and makes an important contribution to the development of obesity-related hypertriglyceridemia.

Results
=======

Hepatic SNAT2 expression activates mTORC1/S6K pathway
-----------------------------------------------------

AA entry into cells is well known to activate the mTORC1/S6K pathway[@b7][@b9][@b10][@b12] and the mTOR/S6K pathway in the liver is reportedly activated in obese subjects[@b15][@b16]. Therefore, in this study, we focused on the role of the hepatic AA/mTORC1/S6K pathway in metabolic derangements associated with obesity. First, we found elevation of hepatic total AA concentrations in obesity models, that is, mice with high-fat diet-induced obesity (DIO) and genetically obese ob/ob mice ([Fig. 1a](#f1){ref-type="fig"}), suggesting increased AA entry into the liver in the obese state.

Therefore, we aimed to elucidate the roles of increased AA entry into the liver in systemic metabolism. To increase AA entry into the liver, we expressed an AAT, SNAT2 (slc38a2)[@b8], which transports neutral AAs, in the liver (SNAT2 mice) using adenoviral gene transduction. Systemic infusion of SNAT2 recombinant adenovirus resulted in selective transgene expression in the liver ([Supplementary Fig. 1a,b](#S1){ref-type="supplementary-material"}) without increasing expressions in other tissues, as reported previously[@b3][@b4]. Mice given the lacZ adenovirus were used as controls[@b21]. Hepatic SNAT2 expression significantly increased hepatic total AA concentrations ([Fig. 1b](#f1){ref-type="fig"}), which were considered to be within the physiological range, in comparison with reported AA levels after high-fat loading for 16 weeks[@b22]. Hepatic concentrations of a number of AAs, especially neutral AAs, were increased in SNAT2 mice ([Supplementary Table 1](#S1){ref-type="supplementary-material"}). Furthermore, the mTORC1/S6K pathway was actually activated in the livers of SNAT2 mice ([Fig. 1c](#f1){ref-type="fig"}). Activation of the mTORC1/S6K pathway reportedly increases insulin-stimulated serine phosphorylation of insulin receptor substrates, leading to the blockade of insulin signalling. In fact, insulin-stimulated serine473 phosphorylation of Akt was decreased in the livers of SNAT2 mice ([Supplementary Fig. 2](#S1){ref-type="supplementary-material"}). Thus, this transporter was functionally expressed and enhanced mTORC1/S6K signalling in the liver.

Hepatic SNAT2 expression induces hypertriglyceridemia
-----------------------------------------------------

In wild-type mice fed standard chow, hepatic SNAT2 expression significantly raised serum TGs, especially in the chylomicron and very low density lipoprotein (VLDL) fractions ([Fig. 1d,e](#f1){ref-type="fig"}) in fed states. Furthermore, when we expressed SNAT2 in the livers of DIO mice, to our surprise, sera from DIO-SNAT2 mice had a remarkable milky-white appearance ([Fig. 1f](#f1){ref-type="fig"}). Serum TGs were markedly elevated, especially in fed states ([Fig. 1g](#f1){ref-type="fig"}). TGs in the chylomicron and VLDL fractions were increased in SNAT2 mice ([Fig. 1h](#f1){ref-type="fig"}). Thus, hepatic AA signalling affects systemic lipid metabolism, particularly in postprandial states. High-fat feeding enhanced the TG-elevating effects in SNAT2 mice.

Hepatic SNAT2 expression suppresses TG breakdown
------------------------------------------------

We sought to determine whether the mechanism raising serum TGs involves increased TG production or decreased TG breakdown. Dietary fats are hydrolysed to monoacylglycerol and fatty acids in the intestinal lumen, and then enter the circulation as re-synthesized TGs[@b23]. The liver also secretes TGs. These TGs are, in turn, hydrolysed into fatty acids by TG lipases, such as LPL and hepatic lipase (HL). In SNAT2 mice fed standard chow, food intakes were not increased, instead was somewhat decreased ([Fig. 2a](#f2){ref-type="fig"}), and hepatic TG secretion rates were not increased ([Fig. 2b](#f2){ref-type="fig"}). Hepatic expression of molecules related to hepatic lipid metabolism, such as sterol regulatory element-binding protein 1c (SREBP1c), microsomal triacylglycerol transfer protein (MTP), LDL receptor (LDLR) and peroxisome proliferator-activated receptor α (PPARα), were unaltered in SNAT2 mice ([Supplementary Fig. 3a](#S1){ref-type="supplementary-material"}). Again, hepatic expressions of secreted proteins, which function as regulators of plasma TG hydrolysis, such as apoC-2 and 3, and angiopoietin-like protein (angptl)-3, 4 and 8, and glycosylphosphatidylinositol-anchored high-density lipoprotein-binding protein 1 (GPIHBP1), were also unaltered in lean SNAT2 mice ([Supplementary Fig. 3b](#S1){ref-type="supplementary-material"}). In contrast, elevation of serum TGs after olive oil (unsaturated fatty acids) loading, which reportedly reflects decreases in TG breakdown[@b24], was markedly enhanced in SNAT2 mice ([Fig. 2c](#f2){ref-type="fig"}). In addition, the clearance of serum TG after injection with soybean oil emulsion, Intralipid, through the tail vein was significantly reduced in SNAT2 mice ([Fig. 2d](#f2){ref-type="fig"}). These findings, taken together, indicate that decreased TG breakdown is responsible for hypertriglyceridemia in SNAT2 mice.

On the other hand, under conditions of obesity, such as in DIO mice, hepatic TG secretion rates of SNAT2 mice were slightly enhanced ([Fig. 2e](#f2){ref-type="fig"}), whereas food intakes were not increased ([Fig. 2f](#f2){ref-type="fig"}). Hepatic expressions of MTP and LDLR were upregulated in DIO-SNAT2 mice ([Supplementary Fig. 3c](#S1){ref-type="supplementary-material"}) and hepatic TG contents were elevated in these mice ([Supplementary Fig. 3d](#S1){ref-type="supplementary-material"}). Therefore, in the settings of obesity, increased hepatic TG secretion is likely to make a slight contribution to the marked TG elevation in SNAT2 mice. However, the serum TG elevation after olive oil loading was more markedly enhanced by hepatic SNAT2 expression in DIO mice than in normal chow-fed mice ([Fig. 2g](#f2){ref-type="fig"}). Serum TG clearance after Intralipid injection was remarkably reduced in SNAT2-obese mice ([Fig. 2h](#f2){ref-type="fig"}). In fact, hepatic SNAT2 expression significantly decreased plasma TG-hydrolysis activity, by 11.4%, in DIO mice ([Fig. 2i](#f2){ref-type="fig"}). LacZ adenovirus administration alone did not change plasma TG-hydrolysis activity ([Supplementary Fig. 4a](#S1){ref-type="supplementary-material"}). These findings suggest that decreased TG breakdown plays an important role in the hypertriglyceridemia in DIO mice as well. This notion is consistent with the finding that high-fat feeding further elevated serum TG levels in postprandial states.

Suppression of TG-hydrolysis causes hypertriglyceridemia
--------------------------------------------------------

The next question is whether the slight decrease in TG-hydrolysis activity observed in SNAT2 mice actually induces the hypertriglyceridemia? To examine this possibility, we intraperitoneally administered a lipase inhibitor, orlistat[@b25][@b26], to wild-type mice fed standard chow. In fact, 250 mg kg^−1^ body weight orlistat significantly decreased TG-hydrolysis activity ([Fig. 2j](#f2){ref-type="fig"}) in a manner similar to that observed in SNAT2 mice ([Fig. 2i](#f2){ref-type="fig"}). Serum TGs, especially in the chylomicron and VLDL fractions, were actually increased by intraperitoneal orlistat administration ([Fig. 2k,l](#f2){ref-type="fig"}). When orlistat was administered at the same dosage to wild-type mice fed a high-fat diet, sera from these mice exhibited a remarkable milky-white appearance ([Fig. 2m](#f2){ref-type="fig"}), resulting from the marked increase in serum TGs, especially in the chylomicron and VLDL fractions ([Fig. 2n,o](#f2){ref-type="fig"}). In addition, adenoviral expression of angptl-4, known to inhibit plasma LPL activity, in the liver significantly decreased TG-hydrolysis activity ([Supplementary Fig. 5a,b](#S1){ref-type="supplementary-material"}) in a manner similar to that observed in SNAT2 mice ([Fig. 2i](#f2){ref-type="fig"}), leading to serum TG elevation, especially in the chylomicron and VLDL fractions, even in lean mice ([Supplementary Fig. 5c,d](#S1){ref-type="supplementary-material"}). Thus, the slight decrease in TG-hydrolysis activity alone can explain the induction of hypertriglyceridemia observed in SNAT2 mice under both normal chow- and high-fat-fed conditions. Taken together, these observations indicate that suppression of TG-hydrolysis activity plays a major role in the serum TG elevation in SNAT2 mice.

Hepatic SNAT2 expression decreases adipose LPL expression
---------------------------------------------------------

Plasma TG-hydrolysis activity is considered to involve several lipases, including LPL, synthesized by white adipose tissue (WAT), skeletal muscle and cardiac muscle[@b27][@b28], and HL from hepatocytes[@b29]. First, we measured heparinized plasma TG-hydrolysis activity under normal and high-salt conditions to distinguish between LPL and HL activities[@b30]. This procedure revealed that salt-insensitive TG-hydrolysis activities (by HL) were similar in SNAT2 and control mice, while salt-inhibited TG-hydrolysis activities (by LPL) were significantly decreased ([Fig. 2p](#f2){ref-type="fig"}) in SNAT2 mice, by approximately 30%, the difference being larger than total TG-hydrolysis activity. Thus, it was mainly the decrease in plasma LPL activity that contributed to the reduction in plasma TG-hydrolysis activity observed in SNAT2 mice.

Interestingly, LPL mRNA expression was significantly decreased in WAT of SNAT2 mice ([Fig. 2q](#f2){ref-type="fig"}), while LacZ adenovirus administration alone did not change LPL expression in WAT ([Supplementary Fig. 4b](#S1){ref-type="supplementary-material"}). On the contrary, LPL mRNA expressions were not decreased in brown adipose tissue, cardiac muscle and skeletal muscle ([Supplementary Fig. 6a](#S1){ref-type="supplementary-material"}). In addition, LPL protein expression was also decreased in WAT of SNAT2 mice ([Fig. 2r](#f2){ref-type="fig"}). Furthermore, TG-hydrolysis activity in WAT, that is, LPL activity in WAT, was significantly decreased ([Fig. 2s](#f2){ref-type="fig"}), while those obtained from both cardiac and skeletal muscles were unaltered ([Supplementary Fig. 6b](#S1){ref-type="supplementary-material"}). In contrast, HL expression and TG-hydrolysis activity in the liver, that is, HL activity, were not decreased, instead being somewhat increased, in SNAT2 mice ([Supplementary Fig. 6c](#S1){ref-type="supplementary-material"}). Thus, LPL expression, particularly in WAT, is likely to make an important contribution to decreased plasma TG-hydrolysis activity and the resultant hypertriglyceridemia in SNAT2 mice. These findings suggest that alterations in hepatic AA metabolism affect adipose LPL expression, thereby regulating systemic lipid metabolism.

Hepatic mTORC1/S6K pathway induces hypertriglyceridemia
-------------------------------------------------------

We next focused on the mechanism whereby hepatic SNAT2 expression suppresses adipose LPL expression. As shown in [Fig. 1c](#f1){ref-type="fig"}, hepatic SNAT2 expression activated mTORC1/S6K signalling in the liver. Therefore, to examine whether hepatic mTOR/S6K activation leads to hypertriglyceridemia, we expressed Rheb, which reportedly activates mTORC1 (refs [@b9], [@b10], [@b31]). Adenoviral overexpression of Rheb in the livers of wild-type mice fed standard chow (Rheb mice) ([Supplementary Fig. 7a](#S1){ref-type="supplementary-material"}) enhanced phosphorylations of hepatic mTOR, p70-S6K and S6 ribosomal protein ([Fig. 3a](#f3){ref-type="fig"}), while hepatic SNAT2 expression was not increased, instead being somewhat decreased in Rheb mice ([Supplementary Fig. 7b](#S1){ref-type="supplementary-material"}). Under these conditions, serum TGs were significantly elevated ([Fig. 3b](#f3){ref-type="fig"}) and TG contents in the chylomicron and VLDL fractions were also increased ([Fig. 3c](#f3){ref-type="fig"}), findings similar to those in SNAT2 mice. As in SNAT2 mice fed standard chow, food intakes and hepatic TG secretion rates were not increased in Rheb mice ([Supplementary Fig. 7c,d](#S1){ref-type="supplementary-material"}). In addition, adenoviral overexpression of the constitutively active form of p70-S6kinase (CA-S6K) in the livers of wild-type mice fed standard chow also raised serum TG levels and the TG contents of the chylomicron and VLDL fractions ([Fig. 3d](#f3){ref-type="fig"}). In addition, serum TGs and TG contents of the chylomicron fractions after olive oil loading were both elevated in Rheb mice ([Fig. 3e](#f3){ref-type="fig"}). Serum TG clearance after Intralipid injection was significantly reduced in Rheb mice ([Fig. 3f](#f3){ref-type="fig"}). Indeed, plasma TG-hydrolysis activity as well as LPL expression and TG-hydrolysis activity in WAT were significantly decreased by hepatic Rheb expression ([Fig. 3g--j](#f3){ref-type="fig"}). On the other hand, lipid metabolism-related molecules, such as MTP, LDLR, SREBP1c and PPARα, in the liver were not upregulated in lean Rheb mice ([Supplementary Fig. 7e](#S1){ref-type="supplementary-material"}) and hepatic TG contents were not significantly altered ([Supplementary Fig. 7f](#S1){ref-type="supplementary-material"}). Hepatic expressions of secreted proteins such as apoC-2 and -3, angptl-3, -4 and -8, and GPIHBP1 were unaltered in lean Rheb mice ([Supplementary Fig. 7g](#S1){ref-type="supplementary-material"}). Thus, hepatic mTORC1/S6K activation induces hypertriglyceridemia involving decreased LPL expression in WAT.

Restoration of TG-hydrolysis reverses hypertriglyceridemia
----------------------------------------------------------

To determine the involvement and significance of LPL in the present phenotype, we examined whether restoration of plasma TG-hydrolysis activity actually does blunt serum TG elevation in Rheb mice. First, we administered dextran sodium sulfate (DSS), an LPL activator, intravenously to lean Rheb mice. DSS administration in Rheb mice restored plasma TG-hydrolysis activities to a degree similar to those observed in LacZ mice ([Fig. 4a](#f4){ref-type="fig"}). Under this condition, serum TG elevation induced by hepatic Rheb expression was almost completely inhibited ([Fig. 4b](#f4){ref-type="fig"}). Next, to compensate for the LPL decrease in Rheb mice, LPL protein was re-expressed using the adenoviral gene expression procedure. Mixed recombinant adenoviruses, Rheb plus LPL (RL mice), LacZ plus Rheb (ZR mice) and double-dose LacZ (ZZ mice), were administered to C57BL/6 mice fed standard chow. We searched for an appropriate adenovirus titre at which plasma TG-hydrolysis activity was increased in Rheb mice in a manner similar to that in LacZ mice ([Fig. 4c](#f4){ref-type="fig"}). Under this condition, Rheb-induced hypertriglyceridemia was markedly improved by LPL expression to an extent similar to that observed in ZZ mice ([Fig. 4d](#f4){ref-type="fig"}). These findings, taken together, further confirmed that decreased plasma TG-hydrolysis activity is responsible for the hypertriglyceridemia induced by mTORC1/S6K activation in the liver.

SNAT2 induces hypertriglyceridemia via mTORC1/S6K activation
------------------------------------------------------------

Next, to determine whether the hepatic mTORC1/S6K pathway is actually involved in the hypertriglyceridemia induced by hepatic SNAT2 expression, we blocked this pathway in SNAT2 mice by expressing the dominant-negative form of p70-S6kinase (DN-S6K)[@b32] in the liver. Mixed recombinant adenoviruses, SNAT2 plus DN-S6K (SDN mice), LacZ plus SNAT2 (ZS mice) and double-dose LacZ (ZZ mice), were administered to C57BL/6 mice fed standard chow. Hepatic SNAT2 expression was similarly increased in ZS mice and SDN mice ([Fig. 5a,b](#f5){ref-type="fig"}). Although S6 phosphorylation was enhanced in ZS mice, it was markedly suppressed in SDN mice ([Fig. 5c](#f5){ref-type="fig"}). Under these conditions, SNAT2-induced hypertriglyceridemia was markedly inhibited by DN-S6K expression ([Fig. 5d](#f5){ref-type="fig"}). Thus, hepatic mTORC1/S6K activation is responsible for alterations in systemic lipid metabolism induced by increased AA entry into the liver.

A neuronal relay mediates the hypertriglyceridemia
--------------------------------------------------

Thus, hepatic AA/mTORC1/S6K activation induced hypertriglyceridemia involving adipose LPL downregulation. Next, we focused on this inter-tissue (liver to adipose) mechanism by which hepatic mTORC1/S6K activation suppresses LPL mRNA expression in WAT and elevates serum TG. LPL expression in WAT was reported to be negatively regulated by adrenergic stimulation[@b33][@b34]. Indeed, UCP1 and PGC1α mRNA expressions in WAT were upregulated in Rheb mice ([Supplementary Fig. 8a](#S1){ref-type="supplementary-material"}), suggesting increased sympathetic outflow to WAT. Therefore, to examine whether sympathetic, especially β-adrenergic, activation mediates adipose LPL downregulation, we administered bupranolol, a β-adrenergic inhibitor, to Rheb mice. Bupranolol administration almost completely inhibited Rheb-induced elevation of serum TGs, especially in the chylomicron and VLDL fractions ([Fig. 6a](#f6){ref-type="fig"}), as well as downregulation of LPL expression in WAT ([Fig. 6b](#f6){ref-type="fig"}). Thus, the β-adrenergic function of the sympathetic nerve is involved in LPL downregulation in WAT and the resultant hypertriglyceridemia induced by hepatic mTORC1/S6K activation.

Therefore, the direct target of the signals from the liver may be the brain from which sympathetic signals originate, rather than WAT. Next, to address whether afferent neuronal signals from the liver are involved in regulating LPL expression in WAT, we performed selective hepatic vagotomy (HV). In Rheb mice fed standard chow, hepatic expression of Rheb ([Supplementary Fig. 8b](#S1){ref-type="supplementary-material"}) and phosphorylation of p70-S6K ([Supplementary Fig. 8c](#S1){ref-type="supplementary-material"}) were unaffected by HV. Under these conditions, HV almost completely blocked serum TG elevation in Rheb mice ([Fig. 6c](#f6){ref-type="fig"}), especially in the chylomicron and VLDL fractions ([Fig. 6d](#f6){ref-type="fig"}). HV blocked the downregulation of LPL expression ([Fig. 6e](#f6){ref-type="fig"}) as well as the upregulations of UCP1 and PGC1α expressions in WAT of Rheb mice ([Supplementary Fig. 8d](#S1){ref-type="supplementary-material"}). These findings indicate that neuronal signals consisting of the hepatic vagus and sympathetic nerves are involved in serum TG elevation induced by hepatic mTORC1/S6K activation.

HV involves dissection of both afferent and efferent vagal branches innervating the liver. Therefore, to confirm the involvement of afferent vagal signals originating in the liver, we applied a specific afferent neurotoxin, capsaicin, to the hepatic branch of the vagus. As reported previously[@b3][@b35], perivagal capsaicin treatment did not affect immunoreactivity for S100 proteins, but did decrease expression of calcitonin gene-related peptide, a sensory neuropeptide ([Supplementary Fig. 8e](#S1){ref-type="supplementary-material"}), while immunoreactivity for calcitonin gene-related peptide in the splanchnic nerve was not altered by this experimental procedure ([Supplementary Fig. 8f](#S1){ref-type="supplementary-material"}), indicating selective deafferentation of the hepatic vagus. Hepatic Rheb expression levels induced by adenoviral administration were not affected by perivagal capsaicin treatment ([Supplementary Fig. 8g](#S1){ref-type="supplementary-material"}). Under these conditions, selective deafferentation of the hepatic vagus in Rheb mice inhibited Rheb-induced elevation of serum TGs ([Fig. 6f](#f6){ref-type="fig"}) as well as downregulation of LPL expression in WAT ([Fig. 6g](#f6){ref-type="fig"}). Collectively, these findings suggest that hepatic mTORC1/S6K activation suppresses LPL expression in WAT via a neuronal relay consisting of the afferent vagus from the liver and sympathetic nerves to WAT.

Next, to confirm that the neuronal signals delivered via the hepatic vagus are indeed involved in hypertriglyceridemia induced by hepatic SNAT2 expression, HV was performed in SNAT2 mice fed standard chow. HV completely blocked hypertriglyceridemia in these mice as well ([Fig. 6h](#f6){ref-type="fig"}), indicating that the hepatic vagus mediates the inter-tissue coordination whereby hepatic AA signalling affects systemic lipid metabolism. On the other hand, HV-induced inhibition of serum TG elevation was partial in DIO mice ([Fig. 6i](#f6){ref-type="fig"}). These findings suggest that increased hepatic TG production/secretion induced by hepatic SNAT2 expression is not mediated by the aforementioned neuronal signals, leading to a partial blockade by HV in the obese mice. Again, HV also inhibited downregulation of LPL expression in WAT of DIO-SNAT2 mice ([Fig. 6j](#f6){ref-type="fig"}). Taken together, these results indicate that afferent neuronal signals from the liver, transmitted through the vagus, mediate this inter-tissue (liver to adipose) and inter-nutrient (AA to lipid) communication.

Hepatic mTORC1/S6K blockade inhibits TG elevation in obesity
------------------------------------------------------------

Obesity is well known to be associated with hypertriglyceridemia, which is one of the major features of the metabolic syndrome. Impairment of LPL-mediated TG clearance is involved in the hypertriglyceridemia phenotype of the metabolic syndrome[@b28]. In addition, the hepatic mTORC1/S6K pathway is reportedly activated in obese states[@b15][@b16]. Therefore, we next examined whether this inter-tissue system is involved in obesity-related hypertriglyceridemia. In genetically obese ob/ob mice, hepatic AA concentrations were elevated ([Fig. 1a](#f1){ref-type="fig"}), though hepatic SNAT2 expression showed compensatory downregulation ([Supplementary Fig. 9](#S1){ref-type="supplementary-material"}). The mTORC1/S6K pathway was actually activated in the liver ([Fig. 7a](#f7){ref-type="fig"}), and serum TGs were markedly elevated in the fed state ([Fig. 7b](#f7){ref-type="fig"}). In association with the elevation of serum TGs in obesity, LPL expression in WAT was remarkably decreased in ob/ob mice compared with lean mice ([Fig. 7c](#f7){ref-type="fig"}). To block the hepatic mTORC1/S6K pathway in this obesity model, we expressed DN-S6K using adenoviral gene transfer. Hepatic DN-S6K expression in ob/ob mice (DN-ob mice) reduced S6 phosphorylation in the liver ([Fig. 7d](#f7){ref-type="fig"}), confirming suppression of hepatic S6K activity. Importantly, serum TGs in the fed state were significantly decreased by DN-S6K expression ([Fig. 7e](#f7){ref-type="fig"}). Obesity-induced lipid profile abnormalities, including increased TG contents in the chylomicron and VLDL fractions, were markedly ameliorated in DN-ob mice ([Fig. 7f](#f7){ref-type="fig"}). Hepatic DN-S6K expression did not affect hepatic TG secretion rates ([Fig. 7g](#f7){ref-type="fig"}), and hepatic expressions of several genes related to lipid metabolism were unaltered in DN-S6K mice ([Supplementary Fig. 10a,b](#S1){ref-type="supplementary-material"}). On the other hand, hepatic DN-S6K expression blunted the serum TG elevation after olive oil loading ([Fig. 7h](#f7){ref-type="fig"}), suggesting enhanced TG degradation, that is, increased plasma TG hydrolysis. In fact, salt-inhibited TG-hydrolysis activities (by LPL) in the plasma were significantly increased ([Fig. 7i](#f7){ref-type="fig"}) in association with upregulation ([Fig. 7j](#f7){ref-type="fig"}) and increased activity ([Fig. 7k](#f7){ref-type="fig"}) of LPL in WAT. In contrast to the obese state, in lean C57BL/6 mice, hepatic DN-S6K expression did not significantly affect serum TG concentrations ([Supplementary Fig. 11a](#S1){ref-type="supplementary-material"}) or adipose LPL expression ([Supplementary Fig. 11b](#S1){ref-type="supplementary-material"}).

We additionally examined the effects of hepatic S6K inhibition on obesity-related hypertriglyceridemia using another murine model, KK-Ay mice, with genetic obesity. KK-Ay mice also exhibited remarkable hypertriglyceridemia in the fed state ([Fig. 7l](#f7){ref-type="fig"}) with decreased LPL expression in WAT ([Fig. 7m](#f7){ref-type="fig"}). Hepatic DN-S6K expression markedly ameliorated hypertriglyceridemia in KK-Ay mice ([Fig. 7l](#f7){ref-type="fig"}) with increased adipose LPL expression ([Fig. 7m](#f7){ref-type="fig"}) and increased serum TG clearance after Intralipid injection ([Fig. 7n](#f7){ref-type="fig"}). On the other hand, hepatic DN-S6K expression did not affect serum TGs in lean KK mice ([Fig. 7l](#f7){ref-type="fig"}) with unaltering adipose LPL expression ([Fig. 7m](#f7){ref-type="fig"}). The comparison between KK and KK-Ay mice indicates that suppression of the hepatic mTORC1/S6K pathway in KK-Ay mice restored obesity-related adipose LPL downregulation and serum TG elevation ([Fig. 7l,m](#f7){ref-type="fig"}) to degrees similar to those in lean KK mice ([Fig. 7l,m](#f7){ref-type="fig"}). Taken together, these results indicate that hepatic mTORC1/S6K signalling is activated under conditions of obesity and that this activation plays an important role in obesity-related hypertriglyceridemia.

Increased LPL activity inhibits TG elevation in obesity
-------------------------------------------------------

Next, to examine whether increased plasma TG-hydrolysis activity improves obesity-related hypertriglyceridemia, we administered either DSS or LPL adenovirus to KK-Ay mice. First, DSS administration increased plasma TG-hydrolysis activity ([Fig. 8a](#f8){ref-type="fig"}) and salt-inhibited TG-hydrolysis activity, that is, LPL activity, by 10--15%, compared with vehicle-treated mice ([Fig. 8b](#f8){ref-type="fig"}), to an extent similar to those in obese DN-S6K mice ([Fig. 7i](#f7){ref-type="fig"}), leading to improvement of obesity-related hypertriglyceridemia ([Fig. 8c](#f8){ref-type="fig"}). Second, we adenovirally expressed LPL in obese KK-Ay mice. Plasma TG-hydrolysis activity ([Fig. 8d](#f8){ref-type="fig"}) and LPL activity ([Fig. 8e](#f8){ref-type="fig"}) were increased, by almost 15% as compared with LacZ mice, to an extent similar to those in obese DN-S6K mice ([Fig. 7i](#f7){ref-type="fig"}), resulting in the improvement of obesity-related hypertriglyceridemia ([Fig. 8f](#f8){ref-type="fig"}). These results confirmed that alterations in plasma TG-hydrolysis (LPL) activity are involved in the mechanism underlying obesity-related hypertriglyceridemia.

Hepatic vagus contributes to hypertriglyceridemia in obesity
------------------------------------------------------------

Next, we aimed to investigate whether signals mediated by the hepatic vagus are actually involved in the process of dysregulation of systemic lipid metabolism during obesity development. We performed selective HV or sham operation on genetically obese (ob/ob and KK-Ay) mice and their lean counterparts (C57BL/6 and KK, respectively) at 7 weeks of age, followed by the measurement of serum TG levels. Selective HV did not affect endogenous mTOR and S6kinase phosphorylation in the livers of either lean or obese mice ([Fig. 9a,b](#f9){ref-type="fig"}). HV alone suppressed serum TG elevation associated with obesity development, in both ob/ob ([Fig. 9c](#f9){ref-type="fig"}) and KK-Ay ([Fig. 9d](#f9){ref-type="fig"}) mice. In contrast, HV did not affect serum TG levels in their lean counterparts ([Fig. 9c,d](#f9){ref-type="fig"}). Thus, selective HV protected ob/ob and KK-Ay mice from the progression of hypertriglyceridemia associated with obesity. Furthermore, adipose LPL expressions were decreased in sham-operated obese mice, but HV reversed the decreased adipose LPL expressions associated with obesity development, in both ob/ob ([Fig. 9e](#f9){ref-type="fig"}) and KK-Ay ([Fig. 9f](#f9){ref-type="fig"}) mice. In contrast, HV did not affect hepatic expressions of molecules related to hepatic lipid metabolism, including MTP, LDLR, SREBP1c and PPARα, in either ob/ob ([Supplementary Fig. 12a](#S1){ref-type="supplementary-material"}), KK-Ay ([Supplementary Fig. 12b](#S1){ref-type="supplementary-material"}) or their lean counterparts ([Supplementary Fig. 12a,b](#S1){ref-type="supplementary-material"}). HV, likewise, did not affect hepatic expressions of secreted proteins related to plasma TG hydrolysis, including apoC-2 and -3, angptl-3, -4 and -8, and GPIHBP1 in ob/ob ([Supplementary Fig. 12c](#S1){ref-type="supplementary-material"}), KK-Ay ([Supplementary Fig. 12d](#S1){ref-type="supplementary-material"}) or their lean counterparts ([Supplementary Fig. 12c,d](#S1){ref-type="supplementary-material"}). These results support the pathophysiological significance of the concept that signals from the hepatic vagus, which functions to regulate adipose LPL via a neuronal pathway, can contribute to the derangement of systemic lipid metabolism associated with the development of obesity.

Discussion
==========

In this study, our aim was to elucidate the roles of hepatic AA entry and the resultant mTOR/S6K activation in systemic metabolism. As a tool for increasing AA influx into the liver, we expressed an AAT, SNAT2. In fact, adenoviral SNAT2 expression in the liver successfully increased AA concentrations and mTORC1/S6K activation in the liver. Not only SNAT2 but also Rheb expression, which activates the mTORC1/S6K pathway in the liver, induced hypertriglyceridemia, especially in postprandial states, via decreased TG hydrolysis mainly owing to adipose LPL downregulation. Pharmacological LPL activation as well as adenoviral LPL expression actually reversed Rheb-induced decreases in plasma TG-hydrolysis activity and inhibited Rheb-induced serum TG elevations. Furthermore, LPL inhibition induced by either lipase inhibitor administration or adenoviral angptl-4 expression similarly raised serum TG levels. Thus, these gain-of-function and loss-of-function experiments revealed the involvement of LPL in the mechanism of hypertriglyceridemia observed in Rheb mice. DN-S6K expression blocked SNAT2-induced elevation of serum TG levels, indicating the hepatic AA/mTORC1/S6K pathway to underlie this mechanism. In addition, denervation, pharmacological deafferentation and β-blocker administration revealed that a neuronal relay, consisting of afferent vagal and efferent sympathetic nerves, mediates this liver-to-adipose metabolic coordination. Furthermore, inhibition of hepatic mTORC1/S6K pathway and blockage of hepatic vagus in the states of obesity revealed that this neuronal relay system has a contribution to the progression of obesity-related hypertriglyceridemia. Namely, this inter-tissue mechanism produces inter-nutrient coordination between AAs and lipids at the whole-body level ([Fig. 10](#f10){ref-type="fig"}).

Association of the mTORC1/S6K pathway with lipid metabolism has recently been the focus of research on fatty acid biosynthesis[@b36][@b37][@b38] and autophagy-regulated lipid metabolism[@b39]. The mTORC1/S6K pathway has been shown to regulate expression of lipogenesis- and glycolysis-related genes *in vitr*o[@b40] and manipulation of this pathway reportedly modulates lipogenesis *in vivo*[@b41][@b42]. mTORC1 is required for postprandial *de novo* lipogenesis in the murine liver[@b43]. Thus, the mTORC1/S6K pathway is considered to function as an energy sensor, thereby modulating cellular processes involved in lipid metabolism[@b44]. In addition to these intracellular regulations, the present study elucidated a novel inter-tissue mechanism which regulates systemic lipid metabolism originating in the mTORC1/S6K pathway in the liver. Given that the serum TG elevations in both SNAT2 and Rheb mice fed standard chow were almost completely inhibited by selective blockade of either the hepatic vagus or the β-adrenergic sympathetic nerve, this neuronal relay originating in hepatic AA/mTORC1/S6K signalling presumably plays a major role in the inter-nutrient metabolic regulation between AAs and lipids.

Consistent with this notion, intraportal AA infusion reportedly stimulates both the afferent hepatic vagus[@b45] and sympathetic nerves[@b46]. Neuronal signals have recently attracted increasing attention for their roles in the metabolic network system. In particular, the hepatic vagus has recently been revealed to transmit a variety of metabolic information, including enhanced lipid storage[@b3] and glucose metabolism[@b5], leading to different metabolic alterations in other tissues. The present study identified a novel mechanism whereby afferent neuronal signals from the liver, originating in hepatic AA metabolism affect systemic lipid metabolism. Thus, metabolic information regarding the three major nutrients may be dynamically exchanged via the autonomic nervous system at the whole-body level. The liver may be the origin of information about nutrient metabolism which changes from second to second. The nutrients obtained from food are delivered directly to the liver via the portal vein, indicating that the liver is situated in an optimal position for receiving and sending nutrient information and that a variety of information is transmitted via the afferent hepatic vagus. In addition, interestingly, neuronal blockades, such as those achieved by bupranolol administration, hepatic vagotomy and pharmacological deafferentation, did not alter the serum TG levels in control mice, though TG elevations induced by hepatic Rheb expression or in obesity models were markedly inhibited by each form of neuronal blockade. These findings demonstrate that neuronal relay signals exert minimal effects in lean states, while strongly functioning under conditions of hepatic AA/mTOR/S6K activation, for example, obesity.

Another interesting finding in this study is that blockade of this mechanism lowered serum TG levels in both ob/ob and KK-Ay mice, indicating that the inter-tissue system contributes to the development of obesity-related hypertriglyceridemia. Hypertriglyceridemia is a major feature of the metabolic syndrome and is an important cause of cardiovascular morbidity[@b47][@b48]. It is well known that impaired LPL-mediated TG clearance in addition to increased hepatic VLDL secretion explains the hypertriglyceridemia phenotype of the metabolic syndrome[@b28]. In murine models, plasma TG-hydrolysis activity detected in post-heparin plasma showed an inverse relation to serum TG levels[@b49]. In human subjects as well as murine models, slight decreases in plasma TG-hydrolysis activity, by ∼10%, are reportedly associated with serum TG elevation[@b50][@b51][@b52]. In the present study, either DSS administration or adenoviral LPL expression which similarly increased plasma TG-hydrolysis activity in obese KK-Ay mice, markedly improved hypertriglyceridemia. Taken together with the observation that hepatic DN-S6K expression in the livers of both ob/ob and KK-Ay mice inhibited hypertriglyceridemia, these findings strongly suggest that the decrease in TG-hydrolysis activity induced by the inter-tissue mechanism contributes to pathological conditions in the metabolic syndrome.

There are several sources of TG-hydrolysis activity[@b27][@b28]. A study using cardiac-specific LPL-deficient mice revealed the importance of cardiac LPL in regulating serum TG levels[@b53]. However, in SNAT2 mice, LPL expression as well as LPL activity in WAT alone, among all the examined tissues, was downregulated. We cannot rule out the possibility that another unknown enzyme involved in TG-hydrolysis activity is responsible for the hypertriglyceridemia observed in SNAT2 mice. However, salt-inhibited, but not salt-insensitive, TG-hydrolysis activities were decreased in SNAT2 mice, indicating decreased activity of LPL. In addition, hepatic SNAT2 and Rheb expressions downregulated adipose LPL expression and raised serum TG levels. Blockade of the hepatic S6K pathway, hepatic vagal signals or the β-adrenergic system reversed adipose LPL downregulation and lowered serum TG levels. Furthermore, adipose LPL expressions are known to be under negative regulation by adrenergic stimulation *in vitro*[@b54][@b55] and *in vivo*[@b33][@b34]. These findings suggest that adipose LPL downregulation plays an important role in decreased TG-hydrolysis activity and the resultant hypertriglyceridemia in SNAT2 and Rheb mice.

What then is the physiological role of this inter-tissue and inter-nutrient mechanism? Among nutrients, AAs, which activate the mTORC1/S6K pathway, are well known to be utilized for nutrition sensing. For instance, AA deficiency intracellularly induces autophagy via alterations in the mTORC1/S6K pathway to make up for nutrient deficiencies[@b56][@b57]. On the other hand, AA excess may represent states of over-nutrition. As the liver efficiently receives the nutritional information derived from foods via the portal vein, it can function as a metabolic sensor tissue at the whole-body level. In fact, high-protein diet loading, that is, surplus intake of dietary AAs, reportedly enhances postprandial TG elevation in both mice[@b58][@b59] and humans[@b60]. The present results indicate that, in the state of obesity, the hepatic mTORC1/S6K pathway is physiologically activated, leading to downregulation of LPL in adipose tissue via a neuronal relay. LPL suppression decreases lipid uptake and utilization in peripheral tissues by inhibiting TG breakdown into fatty acids. Therefore, it is considered that this mechanism leads to systemic negative feedback responses to over-nutrition. However, this inter-nutrient mechanism induces marked hypertriglyceridemia, one of the major features of the metabolic syndrome in the state of obesity.

As for glucose metabolism, it is well known that obesity induces insulin resistance, thereby suppressing glucose transport and utilization in peripheral tissues[@b61]. Insulin resistance is considered to play a physiological role in preventing further energy accumulation and obesity, but it induces diabetes and many other disorders of the metabolic syndrome under conditions of sustained over-nutrition. Therefore, these two mechanisms, that is, insulin resistance and the neuronal relay identified in this study, might be conceptually analogous in terms of glucose and lipid metabolism, respectively. These mechanisms might have worked advantageously when foods were repeatedly in excess or short supply, but, in the current age of constant plenty, they ironically trigger obesity-related disorders. On the basis of several clinical studies, hypertriglyceridemia is a well-known independent risk for atherosclerosis development[@b47][@b48]. The hepatic mTORC1/S6K pathway and neuronal signals may constitute a potential therapeutic target for the prevention of obesity-related hypertriglyceridemia.

Methods
=======

Animals
-------

Animal studies were conducted in accordance with Tohoku University institutional guidelines. All the experimental protocols have been approved by the Institutional Animal Care and Use Committee of the Tohoku University Environmental & Safety Committee. Male C57BL/6N mice, KK mice and KK-Ay mice were purchased from Japan Clea (Tokyo, Japan). Male ob/ob mice were purchased from Japan Charles River Laboratory (Yokohama, Japan). DIO mice were obtained by 4-week feeding of a high-fat diet (32% safflower oil, 33.1% casein, 17.6% sucrose and 5.6% cellulose[@b3]) beginning at 5 weeks of age.

Preparation of recombinant adenoviruses
---------------------------------------

Murine SNAT2 (slc38a2) cDNA and murine angptl-4 cDNA were obtained by reverse transcriptase-polymerase chain reaction (RT--PCR) with total RNA obtained from murine livers. Recombinant adenovirus, containing the murine SNAT2 and angptl-4 under the control of the CMV promoter, was prepared as described previously[@b3]. Recombinant adenovirus containing the bacterial β-galactosidase gene[@b21] was used as a control. Recombinant adenoviruses containing murine Rheb, the constitutively active form of p70-S6Kinase, and the dominant negative form of p70-S6Kinase1 were used as reported previously[@b32]. Recombinant adenovirus, containing the murine LPL under the control of the CMV promoter, was generated using the Adeno-X Adenoviral System 3 (Takara Bio Inc., Otsu, Japan).

Administration of recombinant adenoviruses
------------------------------------------

Recombinant adenoviruses bearing murine SNAT2 (slc38a2) cDNA or the bacterial β-galactosidase gene were injected into the tail veins of standard chow-fed and DIO male C57BL/6N mice at a dose of 1.0 × 10^8^ plaque-forming units. Recombinant adenoviruses bearing Rheb cDNA or the constitutively active form of p70-S6Kinase were also injected into the tail veins of standard chow-fed male C57BL/6N mice at a dose of 1.0 × 10^8^ plaque-forming units. Recombinant adenovirus-bearing angptl-4 cDNA was also injected into the tail veins of standard chow-fed male C57BL/6N mice at a dose of 6.6 × 10^7^ plaque-forming units. Recombinant adenovirus bearing the dominant-negative form of the p70-S6kinase1 gene was injected into the tail veins of 7-week-old male C57BL/6N, ob/ob, KK and KK-Ay mice fed standard chow at a dose of 1.0 × 10^8^ plaque-forming units. Recombinant adenovirus bearing LPL cDNA was injected into the tail veins of 7-week-old male C57BL/6N, KK and KK-Ay mice fed standard chow at a dose of 1.0 × 10^8^ plaque-forming units.

Immunoblotting
--------------

Tissue samples were homogenized in ice-cold lysis buffer containing 100 mM Tris, pH 8.5, 250 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, aprotinin at 1:5,000 dilution and leupeptin at 1:5,000 dilution, as previously described[@b3]. Tissue homogenates were centrifuged and the supernatants including tissue protein extracts (250 μg total protein) were boiled in Laemmli buffer containing 10 mM dithiothreitol, then subjected to SDS--polyacrylamide gel electrophoresis (SDS--PAGE). The liver lysates were immunoblotted with antibodies including anti-SNAT2 antibody (sc-67081), anti-angptl-4 antibody (sc-66807; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), anti-Rheb antibody (\#4935), anti-mTOR antibody (\#2972), anti-phospho-mTOR (Ser2448) antibody (\#2971), anti-p70-S6Kinase antibody (\#2708), anti-phospho-p70-S6Kinase (Thr389) antibody (\#9234), anti-S6 ribosomal protein antibody (\#2217) and anti-phospho-S6 ribosomal protein (Ser235/236) antibody (\#4857) (Cell Signaling Technology, Danvers, MA, USA). The lysates from WAT were immunoblotted with anti-LPL antibody (sc-32885; Santa Cruz Biotechnology, Inc.). The immunoblots using antibodies provided from Santa Cruz or Cell Signaling Technology were performed typically at 1:600 or 1:3,000 dilution in Can Get Signal (TOYOBO, Osaka, Japan), respectively, followed by secondary antibodies (HRP conjugated) at 1:10,000 dilution. The immunoblots were visualized with an enhanced chemiluminescence detection kit (Amersham, Buckinghamshire, UK). In particular, endogenous or overexpressed SNAT2 protein had several bands in blots encompassing a broad range[@b62]. This is considered to result from SNAT2 protein being glycosylated[@b63] and ubiquitinated[@b64] in different ways. Uncropped scans of western blotting are provided in [Supplementary Figs 13--19](#S1){ref-type="supplementary-material"}.

Immunoprecipitation
-------------------

Mice fasted 16 h were injected with 200 μl of normal saline, with or without 10 U kg^−1^ body weight of insulin, via the tail vein. The liver was removed 300 s later and was homogenized in ice-cold lysis buffer containing 50 mM Tris, pH 7.4, 100 mM NaCl, 10 mM EDTA, 10% glycerol, 1% Nonidet P-40, 2 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 40 mM β-glycerophosphate and 50 mM NaF. The tissue homogenates were centrifuged and the supernatants including tissue protein were used for immunoprecipitation with 5 μl of anti-Akt antibody (\#9272; Cell Signaling Technology), coupled with protein A-Sepharose (GE Healthcare, Buckinghamshire, UK). Next, the immunoprecipitates were subjected to SDS--PAGE and then immunoblotted using anti-phospho Akt (Ser473) antibody (\#9271) or anti-Akt antibody (Cell Signaling Technology) at 1:3,000 dilution in Can Get Signal (TOYOBO), followed by secondary antibodies (HRP conjugated) at 1:10,000 dilution, as described previously[@b3]. Uncropped scans of western blotting are provided in [Supplementary Fig. 19](#S1){ref-type="supplementary-material"}.

Blood analysis
--------------

Serum TG levels were determined with a Lipidos liquid kit (TOYOBO, Osaka, Japan). Plasma TG-hydrolysis activity was measured with an LPL activity kit (Roar Biomedical, Inc., New York, NY, USA) according to the manufacturer\'s instructions with slight modifications. Serum AA concentrations were measured commercially (SRL, Tokyo, Japan). Serum lipoproteins were analysed by high-performance liquid chromatography (HPLC) using molecular sieve columns (Skylight Biotech, Akita, Japan).

Measurement of lipid profiles in serum lipoproteins
---------------------------------------------------

The lipid profiles of serum lipoproteins were analysed using a dual detection HPLC system with two tandem connected TSKgel LipopropakXL columns (300 mm × 7.8 mm; Tosoh, Tokyo, Japan) according to the methods[@b65] established by Skylight Biotech (Akita, Japan). For HPLC analysis, the graphs show data from one mouse, representing each of the two or four groups studied. Similar results were obtained with other mice (*n*=4--5) from each experimental group.

Measurement of plasma TG-hydrolysis activity
--------------------------------------------

Mice, under 4 h-fasted conditions, were injected intravenously with 300 IU heparin per kilogram body weight. Blood samples were obtained 10 min after heparin infusion. Heparinized plasma was prepared for the determination of TG-hydrolysis activity using the LPL activity kit (Roar Biochemical, Inc.) according to the manufacturer\'s instructions with slight modifications[@b66][@b67]. The NaCl concentration of the assay buffer normally used according to the manufacturer\'s instructions was 150 mM. For a high-salt condition, the NaCl concentration of the assay buffer was 1 M. This assay includes a nonfluorescent substrate emulsion, which becomes intensely fluorescent upon interaction with LPL. Heparinized plasma was diluted 10-fold by either normal or high-salt assay buffers, and 10 μl of the diluted plasma were mixed in a 96-well microplate with 200 μl of substrate emulsion. After incubation at room temperature for 15 min, the fluorescent intensity of these reaction mixtures obtained using these buffers was measured with a fluorescence microplate reader (LabSystems, Kilsyth, Victoria, Australia). In addition, pre-hydrolysed standard substrates at concentrations ranging from 0.001 to 2.0 μmol ml^−1^ were used to construct standard curves under normal and high-salt conditions. Finally, the relative amounts of TG-hydrolysis activity in plasma under normal and high-salt conditions were calculated from the respective standard curves. Plasma HL activity was obtained as the salt-insensitive TG lipase activity under the high-salt procedure. Plasma LPL activity, the salt-inhibited TG lipase activity, was obtained by subtracting plasma HL activity from plasma TG-hydrolysis activity measured using the routine procedure.

Hepatic AA concentrations
-------------------------

The samples were prepared as reported previously with slight modifications[@b22]. Frozen livers were homogenized and centrifuged, and protein concentrations of the supernatants were determined by the BCA method. The samples were filtered through a 0.22 μm MILLEX filter (Millipore Co., Billerica, MA, USA) to remove precipitated proteins and tissue debris. Free AA concentrations of the sample were analysed commercially (SRL).

Hepatic TG contents
-------------------

Frozen livers were homogenized and TGs were extracted with CHCl~3~: CH~3~OH (2:1, v-v), dried and resuspended in 2-propanol[@b3]. TG contents were measured using Lipidos liquid (TOYOBO).

TG secretion rate
-----------------

To assess hepatic TG secretion, 500 mg kg^−1^ Triton WR-1339 (Tyloxapol, Sigma-Aldrich Co., St Louis, MO, USA), which blocks lipolysis of TGs in peripheral tissue, was injected into the tail veins of 6 h-fasted mice 5 days after adenovirus administration. Blood samples were taken immediately before and 30, 60 and 90 min after injection, followed by measurement of serum TG concentrations.

Measurement of TG-hydrolysis activities in various tissues
----------------------------------------------------------

The samples were homogenized with the elution buffer containing 100 mM Tris, 150 mM NaCl, 4 mM KCl, 3 mM CaCl~2~·2H~2~O, 2 mM MgSO~4~·7H~2~O, 10 g l^−1^ bovine serum albumin (Sigma-Aldrich Co.) and 10,000 IU l^−1^ heparin, with HCl adjusted to a pH of 7.4 (ref. [@b68]). The homogenized samples were sonicated and incubated for 1 h at room temperature with gentle shaking. After centrifugation, the supernatants were subjected to determination of both the fluorescent intensity and protein concentrations using the LPL activity kit (Roar Biochemical, Inc.) and the BCA method (Thermo Fisher Scientific Inc., Wilmington, DE, USA), respectively. The relative amounts of TG-hydrolysis activity in these supernatants were calculated from standard curves obtained by pre-hydrolysed substrates. Finally, the relative amounts of TG-hydrolysis activities in various tissues were calculated per protein concentrations.

Fat-tolerance tests
-------------------

Fat-tolerance tests were performed on overnight-fasted (12 h) mice 5 days after adenovirus administration. These mice received gastric gavage of olive oil (20μl g^−1^ of body weight, Sigma-Aldrich Co.), followed by measurement of serum TG concentrations[@b23] or HPLC analysis.

TG-clearance studies
--------------------

To assess the clearance of serum TG, Intralipid (100 μl of a 2.6% solution in sterile saline, Sigma-Aldrich Co.) was injected into the tail veins of mice 5 days after adenovirus administration. Blood samples were taken at 2 and 30 min after injection, followed by measurement of serum TG concentrations. Serum TG reportedly peaked 2 min after Intralipid injection[@b69]. Then, the decreases in serum TG at 30 min from the peak were demonstrated as % clearance 30 min after Intralipid injection.

Dextran sodium sulfate (DSS) administration test
------------------------------------------------

DSS (20 mg kg^−1^ of body weight, Sigma-Aldrich Co.), an LPL activator[@b70], was intravenously administered to Rheb-, KK and KK-Ay mice. Blood samples were obtained at 30 min after DSS administration, followed by TG measurements. For measurement of plasma TG-hydrolysis activities, these mice were injected intravenously with 300 IU heparin per kilogram of body weight at 30 min after DSS administration, and heparinized plasma samples were obtained 10 min after heparin infusion.

Dissection of hepatic branch of the vagus
-----------------------------------------

Selective HV was performed as previously described[@b3][@b35]. A laparotomy incision was made on the ventral midline and the abdominal muscle wall was opened with a second incision. The gastrohepatic ligament was severed using fine forceps, and the stomach was gently retracted, revealing the descending ventral oesophagus and the ventral subdiaphragmatic vagal trunk. The hepatic branch of this vagal trunk was then transected using fine forceps.

Selective hepatic vagal afferent blockade by perivagal application of capsaicin
-------------------------------------------------------------------------------

Eight-week-old C57BL/6N mice were subjected to selective perivagal application of capsaicin as previously described[@b3][@b35]. The hepatic branch of the vagal trunk was exposed as described above, isolated from surrounding tissues using paraffin films, then loosely tied with a cotton string with or without being immersed in capsaicin (Sigma-Aldrich Co.) dissolved in olive oil (5% wt/vol). The cotton string was removed 30 min later and the abdominal incision was closed.

Administration of a pan β-adrenergic inhibitor, bupranolol
----------------------------------------------------------

A pan β-adrenergic inhibitor, bupranolol (30 mg kg^−1^ of body weight, Kaken Pharmaceutical Co., Ltd. Tokyo, Japan) was intraperitoneally administered to Rheb mice. Blood samples were obtained at 60 min after bupranolol administration, followed by TG measurements and lipoprotein HPLC analyses.

Histological analysis
---------------------

For hepatic vagal nerve immunohistochemistry, the oesophagus and vagal trunks were removed and fixed with 10% formalin and embedded in paraffin. In addition, splanchnic nerve was removed and fixed with 10% formalin and embedded in paraffin. Tissue sections were stained with haematoxylin--eosin. The streptavidin--biotin method was performed using a Histofine SAB-PO kit (Nichirei, Tokyo, Japan) and antibodies against calcitonin gene-related peptide (AB5920), tyrosine hydroxylase (AB152; Chemicon International, Temecula, CA, USA) and S-100 protein (Z0311; DAKO, Glostrup, Denmark). The antigen--antibody complex was visualized with 3,3\'-diaminobenzidine and counterstained with haematoxylin[@b3][@b4][@b35].

Quantitative RT--PCR-based gene expression
------------------------------------------

Total RNA was isolated from 50 mg of mouse liver, epididymal WAT, brown adipose tissue, cardiac and skeletal muscles with Isogen (Wako Pure Chemical), and cDNA was synthesized with a Transcriptor First Strand cDNA Synthesis Kit (Roche Diagnostics Gmbh, Mannheim, Germany) using 5 μg of total RNA. cDNA synthesized from total RNA was evaluated with a real-time PCR quantitative system[@b3] (Light Cycler Quick System 350S; Roche Diagnostics Gmbh). The relative amount of mRNA was calculated with 28SrRNA or β-actin mRNA as the invariant control. The primers used are described in the [Supplementary Table 2](#S1){ref-type="supplementary-material"}.

Orlistat administration test
----------------------------

Orlistat (Sigma-Aldrich Co.) was solubilized in 33% ethanol and 66% PEG 400 (Hampton Research, Aliso Viejo, CA, USA). The C57BL/6 mice fed a standard chow diet received orlistat (250 mg kg^−1^ body weight) via injection into the intraperitoneal space[@b26], followed 90 min later by measurement of plasma TG-hydrolysis activities. Next, serum TG levels were measured and HPLC analyses of lipid profiles were performed.

Statistical analysis
--------------------

All the data are expressed as means±s.d. The statistical significance of differences was assessed by the unpaired *t-*test.
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![Hepatic SNAT2 expression activates mTORC1/S6K pathway and induces hypertriglyceridemia.\
(**a**) Hepatic total AA concentrations were measured in 8-week-old lean (white bar) or DIO (grey bar) and ob/ob (black bar) mice (*n*=5--7). (**b**--**h**) SNAT2 (black bars) or control LacZ (white bars) adenovirus was administered to high-fat diet-fed C57BL/6 mice (**b**, **c** and **f**--**h**), and standard chow-fed C57BL/6 mice (**d** and **e**). (**b**) Total AA concentrations in the liver were measured (*n*=5). (**c**) Immunoblotting of liver extracts with anti-phospho-mTOR, mTOR, phospho-p70-S6K, p70-S6K, phospho-S6 and S6 antibodies. The representative images derived from at least two experiments were displayed. (**d** and **g**) Serum TG levels under 10 h-fasted or -fed conditions were measured (**d**; *n*=5--7, **g**; *n*=5--7) and (**e** and **h**) HPLC analyses of sera in fed states were performed on day 5 after adenovirus administration (**e**; *n*=6--7, **h**; *n*=5--6). (**f**) Photograph of sera obtained from controls (left) and SNAT2 mice (right) fed a high-fat diet. Data are presented as means±s.d. \**P*\<0.05, \*\**P*\<0.01 by the unpaired *t*-test.](ncomms8940-f1){#f1}

![Suppression of plasma TG-hydrolysis activity induces hypertriglyceridemia.\
SNAT2 (black bars) or control LacZ (white bars) adenovirus was administered to standard chow-fed C57BL/6 mice (**a**--**d**), or high-fat diet-fed C57BL/6 mice (**e**--**i**). (**a** and **f**) Food intakes were measured for 5 days after adenovirus administration (**a**; *n*=11, **f**; *n*=5--6). (**b** and **e**) The rates of hepatic TG secretion were determined (**b**; *n*=5--6, **e**; *n*=9--11). (**c** and **g**) Fat-tolerance tests were performed (**c**; *n*=4--8, **g**; *n*=3--7). (**d** and **h**) TG-clearance studies were performed (**d**; *n*=5--11, **h**; *n*=5--6). (**i**) Plasma TG-hydrolysis activities were measured after the injection of heparin into the tail veins of 4 h-fasted mice (*n*=4--5). (**j**--**l**) Vehicle (white bars) or orlistat (black bars) was administered into the intraperitoneal space of C57BL/6 mice fed standard chow. Plasma TG-hydrolysis activities (**j**) were measured 90 min after the injection of these agents (*n*=7--8). Next, serum TG levels (**k**) were measured, and HPLC analyses of sera from these mice (**l**) were performed (**k**; *n*=5, **l**; *n*=5). (**m**--**o**) Vehicle (white bars) or orlistat (black bars) was administered into the intraperitoneal space of C57BL/6 mice fed a high-fat diet. (**m**) Photograph of sera obtained from vehicle- (left) and orlistat-administered mice (right). Serum TG levels (**n**) were measured, and HPLC analyses of sera from these mice (**o**) were performed (**n**; *n*=4--5, **o**; *n*=4). (**p**--**s**) SNAT2 (black bars) or control LacZ (white bars) adenovirus was administered to high-fat diet-fed C57BL/6 mice. (**p**) TG-hydrolysis activities were measured at either a normal or a high NaCl concentration after the injection of heparin into the tail veins of 4 h-fasted mice (*n*=6). (**q**) LPL mRNA expressions in WAT were analysed by RT--PCR (*n*=5--7). (**r**) Immunoblotting of WAT extracts with anti-LPL antibody. The representative images derived from at least two experiments were displayed. (**s**) TG-hydrolysis activity in WAT was examined on day 5 after adenovirus administration (*n*=5). Data are presented as means±s.d. \**P*\<0.05, \*\**P*\<0.01 by the unpaired *t*-test. NS, not significant.](ncomms8940-f2){#f2}

![Activation of hepatic mTORC1/S6K pathway leads to hypertriglyceridemia.\
(**a**--**c**) Rheb (black bars) or LacZ (white bars) adenovirus was administered to C57BL/6 mice. (**a**) Immunoblotting of liver extracts with anti-phospho-mTOR, mTOR, phospho-p70-S6K, p70-S6K, phospho-S6 and S6 antibodies. Serum TG levels under 10 h-fasted or -fed conditions were measured (**b**), HPLC results of sera in fed states were determined (**c**) on day 5 after adenovirus administration (**b**; *n*=5--7, **c**; *n*=4). (**d**) CA-S6K (black bars) or LacZ (white bars) adenovirus was administered to C57BL/6 mice. Serum TG levels under 10 h-fasted or -fed conditions were measured, and HPLC results of sera in fed states were determined on day 5 after adenovirus administration (*n*=4--6). (**e**--**j**) Rheb (black bars) or LacZ (white bars) adenovirus was administered to C57BL/6 mice. (**e**) Fat-tolerance tests were performed, followed by HPLC analysis (*n*=4--8). (**f**) TG-clearance studies were performed (*n*=5--6). (**g**) Plasma TG-hydrolysis activity was measured after the injection of heparin into the tail veins of 4 h-fasted mice (*n*=6--8). (**h**) LPL mRNA expression in WAT was analysed by RT--PCR (*n*=6--7). (**i**) Immunoblotting of WAT extracts with anti-LPL antibody. (**j**) TG-hydrolysis activity in WAT was examined on day 5 after adenovirus administration (*n*=6--7). The representative images derived from at least two experiments were displayed (**a** and **i**). Data are presented as means±s.d. \**P*\<0.05, \*\**P*\<0.01 by the unpaired *t*-test. NS, not significant.](ncomms8940-f3){#f3}

![Restoration of plasma TG-hydrolysis activities improves Rheb-induced hypertriglyceridemia.\
(**a**,**b**) Rheb (black bars) or LacZ (white bars) adenovirus was administered to C57BL/6 mice. Vehicle (Veh) or dextran sodium sulfate (DSS) was intravenously administered to standard chow-fed C57BL/6 mice 5 days after adenoviral administration. Plasma TG-hydrolysis activities (**a**) were measured and serum TG levels (**b**) were examined 30 min after injection of these agents (**a**; *n*=6--7, **b**; *n*=3--4). (**c**,**d**) Mixed adenoviruses, that is, double-dose LacZ-adenovirus (ZZ), LacZ plus Rheb (ZR) and Rheb plus LPL (RL) adenoviruses, were administered to C57BL/6 mice. Plasma TG-hydrolysis activities (**c**) were measured, and serum TG levels (**d**) were examined 5 days after adenoviral administration (**c**; *n*=5--6, **d**; *n*=5--6). Data are presented as means±s.d. \**P*\<0.05, \*\**P*\<0.01 by the unpaired *t*-test. NS, not significant.](ncomms8940-f4){#f4}

![Blockage of SNAT2-induced hepatic mTORC1/S6K activation improves hypertriglyceridemia.\
(**a**--**d**) Mixed adenoviruses, that is, double-dose LacZ-adenovirus (ZZ), LacZ plus SNAT2 (ZS) and SNAT2 plus DN-S6K (SDN) adenoviruses, were administered to C57BL/6 mice. (**a**) Immunoblotting of liver extracts with anti-SNAT2 or p70-S6K antibodies. (**b**) SNAT2 mRNA expressions in the liver were analysed by RT--PCR (*n*=5--6). (**c**) Immunoblotting of liver extracts with anti-phospho-S6 or S6 antibodies. (**d**) Serum TG levels were measured on day 5 after adenovirus administration (*n*=4--6). The representative images derived from at least two experiments were displayed (**a** and **c**). Data are presented as means±s.d. \*\**P*\<0.01 by the unpaired *t*-test. NS, not significant.](ncomms8940-f5){#f5}

![Hepatic AA/mTORC1/S6K activation raises serum TGs via a neuronal relay.\
Rheb (black bars) (**a**--**g**) or SNAT2 (black bars) (**h**--**j**) and control LacZ (white bars), adenoviruses were administered. (**a** and **b**) Vehicle (Veh) or bupranolol (Bup) was intraperitoneally administered to standard chow-fed C57BL/6 mice 5 days after adenoviral administration. Serum TG levels and HPLC results of sera in fed states were measured (**a**), and LPL mRNA expression in WAT was examined (**b**) 60 min after this administration (**a**; *n*=4--6, **b**; *n*=6--7). (**c**--**e**) Standard chow-fed C57BL/6 mice were subjected to sham operation (Sham) or HV 7 days before adenoviral administration. Serum TG levels in fed states were measured (**c**), sera in fed states were analysed by HPLC (**d**) and LPL mRNA expressions in WAT were determined (**e**) on day 5 after adenovirus administration (**c**; *n*=6--7, **d**; *n*=4--5, **e**; *n*=6--7). (**f**,**g**) Vehicle (Veh) or capsaicin (Cap) was applied to the hepatic vagus of standard chow-fed C57BL/6 mice 7 days before adenoviral administration. Serum TG levels in the fed state were measured (**f**) and LPL mRNA expression in WAT was examined (**g**) on day 5 after adenovirus administration (**f**; *n*=6--8, **g**; *n*=6--7). (**h**--**j**) The C57BL/6 mice were subjected to sham operation (Sham) or HV 7 days before adenoviral administration. Serum TG levels in fed states were measured (**h** and **i**), and the ratios of LPL mRNA expression in WAT, as compared with controls, were examined (**j**) on day 5 after adenovirus administration (**h**; *n*=4--5, **i**; *n*=4--5, **j**; *n*=5). Data are presented as means±s.d. \**P*\<0.05, \*\**P*\<0.01 by the unpaired *t*-test. NS, not significant.](ncomms8940-f6){#f6}

![Inhibition of hepatic mTORC1/S6K pathway ameliorates obesity-related hypertriglyceridemia.\
(**a**) Immunoblotting of liver extracts from ob/ob mice and their lean control C57BL/6 mice with anti-phospho-p70-S6K, p70-S6K, phospho-S6 or S6 antibodies. (**b**) Serum TG levels were measured in ob/ob (black bars) and control (white bars) mice under 10 h-fasted or -fed conditions (*n*=5--7). (**c**) LPL mRNA expressions in WAT were examined (*n*=8--9). (**d**--**k**) DN-S6K (black bars) or LacZ (white bars) adenovirus was administered to ob/ob mice. (**d**) Liver extracts were immunoblotted with anti-p70-S6K, phospho-S6 or S6 antibodies. Serum TG levels were measured (**e**) and sera in fed states were analysed by HPLC (**f**) on day 5 after adenovirus administration (**e**; *n*=4--5, **f**; *n*=4--7). The rates of hepatic TG secretion were determined (**g**), and fat-tolerance tests were performed (**h**) (**g**; *n*=4--7, **h**; *n*=5). Plasma LPL activity (**i**), LPL mRNA expressions in WAT (**j**) and TG-hydrolysis activity in WAT (**k**) were determined on day 5 after adenovirus administration (**i**; *n*=6, **j**; *n*=7--11, **k**; *n*=6--7). (**l**--**n**) DN-S6K (black bars) or LacZ (white bars) adenovirus was administered to KK and KK-Ay mice. Serum TG levels (**l**) and LPL mRNA expression in WAT (**m**) were determined on day 5 after adenovirus administration (**l**; *n*=4--7, **m**; *n*=4--7). (**n**) TG-clearance studies were performed (*n*=5). The representative images derived from at least two experiments were displayed (**a** and **d**). Data are presented as means±s.d. \**P*\<0.05, \*\**P*\<0.01 by the unpaired *t*-test. NS, not significant.](ncomms8940-f7){#f7}

![Upregulation of plasma TG-hydrolysis activities relieves obesity-related hypertriglyceridemia.\
(**a**--**c**) Vehicle (Veh) or dextran sodium sulfate (DSS) was intravenously administered to standard chow-fed KK and KK-Ay mice. Plasma TG-hydrolysis activities (**a**) and LPL activities (**b**) were measured, and serum TG levels (**c**) were examined 30 min after the injection of these agents (**a**; *n*=7--8, **b**; *n*=7--8, **c**; *n*=5--7). (**d**--**f**) LPL (black bars) or LacZ (white bars) adenovirus was administered to KK and KK-Ay mice. Plasma TG-hydrolysis activities (**d**) and LPL activities (**e**) were measured, and serum TG levels (**f**) were examined 5 days after adenoviral administration (**d**; *n*=5--8, **e**; *n*=5--8, **f**; *n*=6--8). Data are presented as means±s.d. \**P*\<0.05, \*\**P*\<0.01 by the unpaired *t*-test. NS, not significant.](ncomms8940-f8){#f8}

![Blockage of hepatic vagus suppresses the development of hypertriglyceridemia associated with obesity.\
(**a**,**c**,**e**) Standard chow-fed C57BL/6 and ob/ob mice were subjected to sham operation (Sham) or HV. (**a**) Immunoblotting of liver extracts from these sham- and HV-mice with anti-phospho-mTOR, mTOR, phospho-p70-S6K, p70-S6K, phospho-S6 and S6 antibodies. Serum TG levels (**c**) and LPL mRNA expressions in WAT (**e**) were examined on day 14 after these operations (**c**; *n*=15--19, **e**; *n*=7--9). (**b**,**d**,**f**) Standard chow-fed KK and KK-Ay mice were subjected to sham operation (Sham) or HV. (**b**) Immunoblotting of liver extracts from these sham- and HV-mice with anti-phospho-mTOR, mTOR, phospho-p70-S6K, p70-S6K, phospho-S6 and S6 antibodies. Serum TG levels (**d**) and LPL mRNA expressions in WAT (**f**) were examined on day 14 after these operations (**d**; *n*=6--7, **f**; *n*=5--9). The representative images derived from at least two experiments were displayed (**a** and **b**). Data are presented as means±s.d. \**P*\<0.05, \*\**P*\<0.01 by the unpaired *t*-test. NS, not significant.](ncomms8940-f9){#f9}

![Scheme of the pathophysiology of obesity-related hypertriglyceridemia.\
Hepatic AA signalling regulates systemic lipid metabolism via a neuronal pathway. This neuronal relay from the liver to adipose tissue is mediated by the hepatic mTORC1/S6K pathway. This neuronal inter-tissue (liver to adipose) system decreases adipose LPL expression and suppresses plasma TG-hydrolysis activity, thereby raising serum TG levels. Namely, this neuronal mechanism produces inter-nutrient (AA to lipid) coordination. Furthermore, excessive activation of this pathway, under conditions of sustained over-nutrition during obesity development, contributes to obesity-related hypertriglyceridemia.](ncomms8940-f10){#f10}
